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Although the importance of cis-acting mutations on detoxiﬁcation enzyme genes for insecticide resis-
tance is widely accepted, only a few of them have been determined as concrete mutations present in
genomic DNA till date. The overexpression of a cytochrome P450 gene, CYP9M10, is associated with
pyrethroid resistance in the southern house mosquito Culex quinquefasciatus. The haplotypes of CYP9M10
exhibiting overexpression (resistant haplotypes) belong to one speciﬁc phylogenetic lineage that shares
high nucleotide sequence homology and the same insertion of a transposable element. Among the
resistant haplotypes, allelic progression involving an additional cis-acting mutation and gene duplication
evolved a CYP9M10 haplotype associated with extremely high transcription and strong pyrethroid
resistance. Here we show that a single nucleotide substitution G27A, which is located near the tran-
scription start site of CYP9M10, is involved in the progression of the duplicated haplotype lineage. The
deletion of a 7-bp AT-rich sequence that includes nucleotide 27 inhibited the initiation of transcription
from the original transcriptional initiation site. The mutation was suspected to reside within a core
promoter, TATA-box, of CYP9M10.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The application of insecticides selects for mutations that confer
insecticide-resistance. Once such mutations are present at a high
frequency in the population, human health, and food production
face serious problems because pest control is no longer effective
using such insecticides. Insecticide resistance is most often ac-
quired through metabolic degradation or alteration in target site of
insecticides. Metabolic degradation is typically related to an in-
crease in the activities of detoxiﬁcation enzymes, which degrade
active insecticide ingredients into nontoxic forms. Well-known
enzyme classes responsible for the metabolism of insecticides in
animals are cytochromes P450, glutathione S-transferases, and
carboxylesterases (Hemingway et al., 2004; Li et al., 2007). Muta-
tions that enhance the production of these enzymes or non-
synonymous point mutations that alter the kinetic properties of anomology, National Institute of
yo 162-8640, Japan.
Ltd. This is an open access article uenzyme can increase the metabolic rate of insecticide degradation
and, hence, the resistant phenotype.
Regulatory mutations are one of the important classes of mu-
tations, conferring resistance via the overproduction of the mRNA
encoding a detoxifying enzyme. Mutations of the promoter of the
gene (cis-acting mutation) or a regulatory factor encoded in
another genetic locus (trans-acting mutation) alter the expression
level of an mRNA. Further, gene copy number changes such as
duplication or ampliﬁcation is often observed in the overexpression
of detoxiﬁcation enzyme genes. Although cis-acting mutations are
often implicated in resistance phenotypes, only a few studies have
identiﬁed them as bona ﬁde mutations on nucleotide sequence to
date (Feyereisen et al., 2015). For example, a haplotype of the cy-
tochrome P450 gene Cyp6g1 of Drosophila melanogaster confers
overexpression due to an insertion of a long terminal repeat of a
retrotransposon Accord in the upstream region, thus conferring
dichlorodiphenyltrichloroethane (DDT) resistance (Daborn et al.,
2002; Chung et al., 2009). The change in the number of a dinu-
cleotide repeat in a microsatellite located upstream of CYP6CY3 in
the genome of the peach-potato aphid alters its expression level,
which confers resistance to neonicotinoid insecticides and thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In the southern house mosquito Culex quinquefasciatus, over-
expression of a cytochrome P450 gene CYP9M10 is related to py-
rethroid resistance (Hardstone et al., 2010; Itokawa et al., 2013,
2010; Komagata et al., 2010; Liu et al., 2011; Wilding et al., 2012).
A speciﬁc phylogenetic lineage of CYP9M10 haplotypes that over-
express CYP9M10 mRNA is associated with strong pyrethroid
resistance. The haplotypes of this haplogroup (referred to as
“resistant haplotypes”) are characterized by an insertion of the
transposable element CuRE1 (Culex repetitive element 1), which
belongs to the miniature interspersed transposable element family,
located 0.2 kb upstream from the transcriptional start site (TSS)
(Itokawa et al., 2010). The resistant haplotypes show a small
number of polymorphic nucleotides in the upstream noncoding
region regardless of the geographical region fromwhich the insects
were sampled (Itokawa et al., 2013; Wilding et al., 2012), indicating
an ongoing selective sweep and a rapid spread of resistant haplo-
types worldwide. Because a reporter assay conducted using
Anopheles cell culture did not show the effect of CuRE1 on CYP9M10
promoter activity (Wilding et al., 2012), it is not certain that CuRE1
itself is the cis-acting mutation mediating overexpression. Never-
theless, the CuRE1 insertion can serve as a useful genetic marker to
diagnose resistance, because the insertion is considered to be in
linkage disequilibrium with a true, yet uncharacterized, cis-acting
mutation (Itokawa et al., 2013; Wilding et al., 2012).
Variation in expression level is observed even among CYP9M10
resistant haplotypes (Itokawa et al., 2011, 2013). It is known that the
most highly overexpressed haplotypes, which are associated with
the strongest resistance, contain identical tandem duplications of a
100-kb sequence containing the CYP9M10 locus (Itokawa et al.,
2010, 2013). Because the nucleotide sequences of the two gene
copies in the duplicated haplotypes are identical (Itokawa et al.,
2013), the duplication likely has occurred relatively recently.
Although the gene duplication explains, in part, the genetic vari-
ance among the resistant haplotypes, the difference in copy num-
ber was insufﬁcient to explain the difference in the expression
levels between the duplicated haplotype and one resistant haplo-
type without duplication (Itokawa et al., 2011), indicating that
extreme overexpression of the duplicated haplotype was caused
not only by the duplication but also by an additional (secondary)
cis-acting mutation.
Indeed, we recently identiﬁed two unduplicated resistant hap-
lotypes exhibiting higher expression level than other previously
known unduplicated resistant haplotypes in C. quinquefasciatus
collected from Singapore and Kenya (Itokawa et al., 2013). Among
the resistant haplotypes investigated so far, there were only three
segregating nucleotides within the region 2.2-kb upstream from
the TSS, 2000T/G, 1176A/G, and 27G/A (deﬁning the TSS
as þ1), which generate three haplotypic states as follows: T-A-G, T-
G-G, and G-G-A (nts2000, 1176, and27, respectively) (Itokawa
et al., 2013). The divergent haplotypes outside the resistant hap-
logroup had T-A-G at the corresponding sites without exception,
suggesting those are ancient states. The upstream copies of all
duplicated haplotypes were G-G-A, indicating that the duplication
occurred after those three substitutions. Interestingly, the two
unduplicated resistant haplotypes from Singapore and Kenya also
had G-G-A at those sites. Both haplotypes were expressed at higher
levels than other unduplicated resistant haplotypes with the T-A-G
and T-G-G nucleotides (Itokawa et al., 2013). Thus, allelic progres-
sion of the duplicated haplotype is considered to involve at least
two cis-acting mutations, an “early” mutation, which is likely in
complete linkage disequilibrium with the CuRE1 insertion, and a
“secondary” mutation, which remains polymorphic among the
resistant haplotypes before the duplication (Fig. S1A) (Itokawa
et al., 2013). In the present study, we asked whether eitherT2000G or G27A mutations or both were responsible for the
difference in expression levels of CYP9M10. In luciferase reporter
assays, we found that a mutation, G27A, altered CYP9M10 pro-
moter activity approximately two-fold. The mutation is immedi-
ately downstream from an AT-rich region. The elimination of the
AT-track, including nucleotide (nt) 27 from the reporter
plasmid, completely inhibited transcription initiation from the
authentic transcription start site (þ1).
2. Materials and methods
2.1. Plasmid construction
PrimeSTAR Max DNA Polymerase (Takara, Shiga, Japan) and
Ligation-High Ver. 2 (Toyobo, Osaka, Japan) were used in every
PCRs and ligation reaction. DpnI (Takara) was used to eliminate
template plasmid after PCR as required. The sequences of the oli-
gonucleotides are shown in Table S1. A ﬁreﬂy luciferase vector,
pGL3-Basic (Promega, Madison, WI, USA), was modiﬁed for
compatibility with the Golden-Gate cloning method (Engler et al.,
2008) as follows: the BsaI recognition site in the AmpR gene of
the original pGL3-Basic plasmid was eliminated by replacing it with
a synonymous mutation using a modiﬁed Quick Change method
(Zheng et al., 2004) with primers pGL3-A3224G_F1 and pGL3-
A3224G_R2. A DNA cassette with BsaI recognition sites on both
ends was formed by annealing oligonucleotides KpnI-Bsalx2-
HindIII (þ) and (), which were inserted between the KpnI and
HindIII sites in the multiple cloning site of the modiﬁed pGL3-Basic
vector. The plasmid is referred to as pGL3-GG.
The region from nts 2118 to þ76 relative to the transcriptional
start site (þ1) (Itokawa et al., 2010) of the JPP CYP9M10v1 (up-
stream copy) allele (GenBank accession number AB551111), the JNB
allele (AB607193), and the corresponding region of the JNA allele
(AB607192) were each ampliﬁed using the primers 9M10-BsaI-
CCGG_F1 and 9M10-BsaI-AGAT_R2 from the genomic (g)DNAs of
each strain, and were then cloned into pGL3-GG using the Golden-
Gate cloning method as follows: Approximately 10 fmol of each
DNAwas reacted with 1 Ligation High version 2 (Toyobo) and 5 U
of BsaI-HF (NEB, Ipswich, MA, USA) in 10 mL. The reaction was
conducted using ten cycles at 37 C for 5 min and 16 C for 5 min,
followed by single cycles at 50 C for 5 min and 75 C for 5 min. The
plasmids cloned with the JPP (v1), JNB and JNA alleles were
designated pGL3-CYP9M10-RH (resistant-high), pGL3-CYP9M10-
RL (resistant-low), and pGL3-CYP9M10-JNA, respectively.
pGL3-CYP9M10-RHDCuRE1 was constructed by deleting CuRE1
from pGL3-CYP9M10-RH as described below. Two fragments, up-
stream and downstream of CuRE1, were individually ampliﬁed from
the gDNA of the JPP strain using primers 9M10-BsaI-CCGG_F1 and
9M10-CuRE1elim_R as well as primers 9M10-CuRE1elim_F and
9M10-BsaI-AGAT_R2, respectively. Those two fragments were
overlapped to each other at the end by 16-bp that were included in
both primer 9M10-CuRE1elim_R and eF. The fragments were
mixed and fused by PCR-ampliﬁcation using the primers 9M10-
BsaI-CCGG_F1 and 9M10-BsaI-AGAT_R2. The recombinant
plasmid was cloned into the pGL3-GG vector using the Golden Gate
method.
Mutations were introduced at nts 27 of pGL3-CYP9M10-RH
and pGL3-CYP9M10-RL (A-to-G and G-to-A, respectively) as fol-
lows: Each plasmidwas ampliﬁed using the 9M10-BsaI-27G_F1 and
9M10-BsaI-27G_R2 primers and 9M10-BsaI-27A_F1 and 9M10-
BsaI-27A_R2 primers, respectively, and the fragments were self-
ligated using the Golden Gate reaction. These plasmids were
designated pGL3-CYP9M10-RHA27G and pGL3-CYP9M10-RLG-27A,
respectively. The sequence TATTTAA (nts 33 to 27) was deleted
from pGL3-9M10-RH by amplifying the plasmid using the 9M10-
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self-ligating the product using Golden Gate cloning method with
BsaI to generate pGL3-CYP9M10-RHDTATA. The DPE-like sequence
was deleted from pGL3-CYP9M10-RH and pGL3-CYP9M10-RHDTATA
by amplifying the plasmids using the 9M10-BsaI-DPE_elim_F1 and
9M10-BsaI-DPE_elim_R2 primers and then self-ligating the
amplicons using the Golden Gate method with BsaI to generate
pGL3-CYP9M10-RHDDPE and pGL3-CYP9M10-RHDTATA, DDPE,
respectively.
The internal control Renilla luciferase plasmid pRL-DmAct5c
was constructed as follows: The D. melanogaster actin-5C distal
promoter (Chung and Keller, 1990) was ampliﬁed from genomic
DNA of the Oregon-R strain of D. melanogaster using the primers
HindIII-DmAct5cPr_F3 and NheI-DmAct5cPr_R4. The Renilla Luc
plasmid backbone was ampliﬁed from pRL-CMV (Promega) using
the primers RLuc_F3 and HindIII-RLuc_R4. Those products were
digested with HindIII and NheI, ligated, and cloned.
The resulting plasmid constructs described above were trans-
formed into Escherichia coli DH5a (TAKARA) and were cloned on LB
plates containing ampicillin. E. coli clones were cultured in LB
medium containing ampicillin for 16e18 h at 37 C, and the plas-
mids were isolated and puriﬁed using Wizard Plus SV Minipreps
DNA Puriﬁcation System (Promega). The amounts of plasmid DNAs
were quantiﬁed using the Invitrogen Qubit (Life Technologies,
Carlsbad, CA, USA) with a dsDNA High sensitivity kit (Life Tech-
nologies). The integrity of all plasmids was conﬁrmed by
sequencing the entire inserted sequence and the luciferase ORF.
2.2. Dual-luciferase reporter assay
For each replication, 20 nmol of each ﬁreﬂy luc reporter plasmid
wasmixedwith 2 nmol of pRL-DmAct5c in 10 mL of Grace's medium
(SigmaeAldrich, St. Louis, MO, USA). Then, 0.3 mL of XtreamHD
transfection regent (Roche, Basel, Swiss) per replication was added
to the mixture and incubated for 15 min. The NIID-CTR cell-line
derived from Culex tritaeniorhynchus embryos (Kuwata et al., 2012)
was cultured in VP12 medium (Varma and Pudney, 1969) supple-
mented with 5% bovine serum. Cells were added to a 96-well cul-
ture plate (Corning, NY, USA) (approximately 5  104 cells per well
in 100 mL of VP12 supplemented with 5% bovine serum), and then
10 mL of the transfection mixture was added to each well and
incubated for 48 h at 25 C. The activities of ﬁreﬂy luciferase and
Renilla luciferase were successively measured for 10 s using a Dual-
luciferase reporter assay kit (Promega) in a Mithras LB940 (Bert-
hold, Bad Wildbad, Germany) equipped with auto-injectors. Six
independent transfections were conducted for each plasmid.
2.3. RACE-PCR
Approximately 1  106 CTR-NIID cells were cultured in 2 mL of
VP12 supplemented with 5% bovine serum in one well of a 6-well
culture dish. The transfection mixture containing 200 nmol of
plasmid was prepared as described above and added to the well.
After 48 h incubation at 25 C, cells in the well were washed with
1 mL of 1  PBS() three times and harvested by centrifugation at
5000 g for 5 min. Total RNAs were extracted from the cell pellets
using ISOGEN (Nippon Gene, Tokyo, Japan), and then contaminated
DNA was digested with Ambion DNA-turbo free DNase (Life Tech-
nologies) according to eachmanufacturers' protocol. A cDNA library
of 50-RACE amplicons was synthesized using reverse transcription
with the Luc gene-speciﬁc primer pGL3-5RACE-GSP1 and ReverTra
Ace reverse transcriptase (Toyobo), and the amplicons were
coupled to the 50 CapFishing adapter (Seegene, Seoul, Korea) ac-
cording to the manufacturer's protocol.
The 50 ends of the mRNAs were ampliﬁed from the cDNA libraryas described below (Fig. S1). First, PCR was conducted in 10 mL of
1  PrimeSTAR Max DNA Polymerase mix containing 0.25 mM of
IonP1-CapF1.2 and pGL3-5RACE-GSP3 primers and 1 mL of cDNA.
The thermal programwas as follows: 94 C for 2min followed by 35
cycles at 95 C for 15 s, 63 C for 5 s and 72 C for 30 s, followed by
72 C for 2 min. The PCR product was puriﬁed in 50 mL of water
using AmpureXP (Beckman Coulter, Brea, CA, USA), and 1 mL of the
DNA was subjected to a second PCR ampliﬁcation in 10 mL of
1  PrimeStar Max Polymerase mix containing 0.25 mM of IonP1-
CapF2 and pGL3-5RACE-GSP2 primers. The thermal program was
as follows: 94 C for 2 min followed by 20 cycles at 95 C for 15 s,
63 C for 5 s, 72 C for 20 s, and 72 C for 2 min. The RACE PCR
products (100 ng) were sheared using the Ion Shear Plus Reagents
of the Ion Xpress Plus gDNA Fragment Library kit (Life Technolo-
gies) for 40 min at 37 C. Each sheared PCR product was ligated to a
different barcoded A-adapter using an IonTorrentXpress Barcode
Adapters kit (Life Technologies) with 200 U of T4 DNA ligase (NEB)
in the buffer provided in the kit, for 1 h at RT. An E-Gel system (Life
Technologies) was used to select approximately 160-bp fragments
(comprising an approximately 50-bp insert plus the two IonTorrent
adapters and the CapFishing adapter). The quantiﬁed DNA library
was mixed with other barcoded libraries unrelated to this study
and subjected to emulsion PCR using an Ion OneTouch 2 system
with the Ion PGM Template OT2 200 Kit (Life Technologies). The
ampliﬁed library beads were sequenced using an IonTorrentPGM
sequencer (Life Technologies) with an Ion314 Chip (Life Technolo-
gies). Each barcode library yielded 2279e2684 reads.
2.4. Mapping the TSS
FASTAQ ﬁles were created using the Torrent Browser (Life
Technologies) for each barcode library. The reads were imported
into R using the ShortRead library (Morgan et al., 2009) from the
Bioconductor project (Huber et al., 2015). From each read con-
taining the CapFishing adapter's 30 signature sequence (GGGATAGn;
n 3), the 10-nt insert sequence adjacent to the adapter sequences
were extracted as TSS tags. Because the number of Gs in the
adapter-insert junction varies in the CapFishing technology, we
were unable to determine the precise capped nucleotide of an
mRNA if it was G. Therefore, we arbitrarily deﬁned the H (not G) of
the HN9 tag sequence after the adapter signature GGGATAGn (n 3)
as a TSS. This approach to mapping TSSs identiﬁed the TSS with
uncertainty up to 2-nt in this study. Identical TSS sequence tags
were counted and aggregated. Each unique sequence was mapped
to its corresponding plasmid sequence (100% match) using the
matchPattern function of the Biostrings library (Pages et al.) in R.
More than 82% reads were extracted as TSS tags from each barcode
library, and >89% TSS tags were uniquelymapped to the plus strand
of each reference sequence.
2.5. Statistical and sequence analyses
Statistical analyses were conducted using R version 3 (R
Development Core Team, 2014). Matching-scores of DNA se-
quences to the 15 bp TATA-boxmotif weightmatrix were calculated
as described previously (Bucher, 1990).
3. Results
3.1. G-27A altered the expression levels of reporter gene
The regions approximately 2.1-kb upstream from the TSS and
the 50 untranslated region of the G-G-A and T-G-G resistant hap-
lotypes were each cloned into a luciferase reporter plasmid to
generate pGL3-CYP9M10-RH (resistant-high) and pGL3-CYP9M10-
RH RL (G−27A)
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Fig. 2. Effect of the G27A mutation on promoter activity. A boxplot represents ﬁreﬂy
luc reporter expression of cells transfected with each pGL3 plasmid normalized to
those of Renilla luc. Cells from the same culture ﬂask were used for all transfections. Six
independent transfections were conducted for each plasmid. Outliers (>1.5 inter-
quartile distant from each box) are individually plotted. Different letters indicate sta-
tistical signiﬁcance determined using Tukey's HSD-test (P < 0.01).
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sponding region of a susceptible strain, JHB-NIIID-A (JNA), was
cloned and designated pGL3-CYP9M10-JNA. The CuRE1 insertion is
not present in the JNA haplotype and is phylogenetically distant
from the resistant haplotypes (Fig. S1B) (Itokawa et al., 2013, 2011).
Among the three promoters, the reporter activities of the pGL3-
CYP9M10-RH and pGL3-CYP9M10-RL plasmids in a
C. tritaeniorhynchus mosquito cell line were 5.9-fold and 3.1-fold
higher, respectively, compared with that of the pGL3-CYP9M10-
JNA plasmid (Fig. 1). Thus, the promoter activities of the three
cloned CYP9M10 upstream DNAs reﬂected the mRNA levels
observed in vivo (Itokawa et al., 2013, 2011). Deletion of CuRE1 from
pGL3-CYP9M10-RH did not decrease reporter activity, which was,
instead, slightly (1.6-fold) increased (Fig. 1).
Two haplotypes harboring other possible nucleotide combina-
tions at nts 2000 and 27 were generated by altering, recipro-
cally, nt 27 of each pGL3-CYP9M10-RH and pGL3-CYP9M10-RL
plasmid to evaluate the effect of each SNP on expression levels.
The A27G mutation at this site in pGL3-CYP9M10-RH decreased
reporter expression to approximately the same level as that of
pGL3-CYP9M10-RL. In contrast, the G27A change in the pGL3-
CYP9M10-RL plasmid increased reporter expression to the same
level compared with that of pGL3-CYP9M10-RH (Fig. 2). The dif-
ference between the mean values of the two 27A plasmids and
those of the two 27G plasmids was 2.2-fold, indicating that the
G27Amutation affected the expression level but the T2000G did
not at least in detectable level.
3.2. The region near nt 27 is critical for transcription from the TSS
The transcription of CYP9M10 starts from a canonical initiator
(Inr) motif (Fig. 3A). An Inr with the consensus motif TCAKTY
(Gershenzon et al., 2006; Kadonaga, 2012; Purnell et al., 1994) is
present in the TSSs (A, þ1) of more than half of the class II genes
(protein coding genes) in Drosophila (Gershenzon et al., 2006). Inr
may independently mediates transcription initiation or cooperate
with other RNA polymerase II core promoters such as the TATA-box
or downstream promoter elements (DPEs) (Kutach and Kadonaga,
2000). The region immediately upstream of the G27A mutation
includes an AT tract (Fig. 3A). Position-weight matrix analysis using
Bucher's matrix (Bucher, 1990) identiﬁed two potential TATA-box
elements displaced by 2 bp (Fig. S3, and TATA-1 and -2 in
Fig. 3A). The TATA-box is often represented as the TATAAABasic JNA RL RH RH
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Fig. 1. Promoter activities of different CYP9M10 upstream sequences. A boxplot rep-
resents ﬁreﬂy luc reporter expression levels of cells transfected with each pGL3
plasmid normalized to those of Renilla luc. Cells from the same culture ﬂask were used
for all transfections. Six independent transfections were conducted for each plasmid.
“Basic” indicates the empty pGL3-Basic plasmid. Different letters indicate statistical
signiﬁcance determined using Tukey's HSD-test (P < 0.01).consensus motif, but a wide range of sequence variants act as a
TATA-box (Kadonaga, 2012; Patikoglou et al., 1999; Singer et al.,
1990). A statistical analysis of Drosophila predicted that 16.2% of
class II genes possess a TATA-box, and that the locations range from
33 to 23 bp upstream of the TSS (Gershenzon et al., 2006). Further
visual inspection detected a potential DPE (Fig. 3A) with a 1-nt
mismatch to the consensus sequence, RGWYGT (Kutach and
Kadonaga, 2000). The DPE motif starts invariably at þ28 in
Drosophila. Also, DPE is often associated with a T at þ17, G at þ19,
and G atþ24 (Kutach and Kadonaga, 2000); these over-represented
nucleotides were also present in the CYP9M10 promoter (Fig. 3A).
DPE is frequent in gene promoters lacking a TATA-box and may
replace its function (Burke and Kadonaga, 1996).
Elimination of the core of a promoter would inhibit mRNA
synthesis from its native TSS partly or completely (Nagawa and
Fink, 1985). To determine whether the TATA-box-like nucleotides
proximal to nt 27 of CYP9M10 were critical for transcription
initiation of CYP9M10, we constructed the plasmid pGL3-CYP9M10-
RHDTATA by deleting TATTTAA (nts 33 to 27) from pGL3-
CYP9M10-RH (Fig. 3A). We constructed the plasmid pGL3-
CYP9M10-RHDDPE by deleting the DPE-like motif AGCCGTG (þ28
to þ34) and the plasmid pGL3-CYP9M10-RHDTATA, DDPE by deleting
the DPE- and TATA-like motifs (Fig. 3A).
Cap-ﬁshing 50 RACE PCR was conducted to determine the 50-
nucleotides of the mRNAs expressed by these plasmids. More than
half of the 50-nucleotides of the mRNA expressed from pGL3-
CYP9M10-RH and pGL3-CYP9M10-RHDDPE were mapped to the
authentic TSS (þ1) or to an adjacent site (5) of CYP9M10 previ-
ously identiﬁed in vivo (Itokawa et al., 2010; Komagata et al., 2010),
while no 50-nucleotides were mapped on or even around the þ1
sites of pGL3-CYP9M10-RHDTATA or pGL3-CYP9M10-RHDTATA, DDPE
(Fig. 3B). These results indicate that the nucleotides upstream of
nt 27 are indispensable for precise transcription initiation of
CYP9M10, but the DPE-like sequence are not.
Fig. 3. Potential core promoter elements around the TSS of CYP9M10 and the effects of their deletion on transcriptional initiation. (A) The nucleotide sequences around the TSSs of
the resistant CYP9M10 haplotypes. Potential core promoters, Inr, TATA-boxes, and DPE are underlined. Nucleotide 27 is indicated by an asterisk. Each box shows nucleotides
deleted in pGL3-CYP9M10-RHDTATA, pGL3-CYP9M10-RHDDPE, or simultaneously in pGL3-CYP9M10-RHDTATA, DDPE. Nucleotides shown in gray were not cloned into the reporter
plasmid. “M” indicates the ﬁrst methionine residue of CYP9M10. (B) The Fraction of each 50 nucleotide as the TSS of the mRNA of each modiﬁed pGL3-CYP9M10-RH plasmid,
captured using the CapFishing 50-RACE adapter. The “n” indicates the number of reads mapped uniquely to each reference. “WT,” pGL3-CYP9M10-RH without modiﬁcation. “GSP2”
indicates the position of the gene-speciﬁc primer used for the second PCR in the RACE reaction. Arrows show the fraction mapped to the authentic initiation þ1 site or the
adjacent þ5 position.
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We show here that the single nucleotide change G27A
improved transcription of the CYP9M10 resistant haplotype. The
mutation apparently predates the duplication because they exist in
both copies of duplicated haplotypes (Itokawa et al., 2010). The
evolution of the duplicated CYP9M10 haplotype represents an
example of allelic progression of an insecticide resistance gene and
demonstrates that a detoxiﬁcation gene can obtain higher expres-
sion progressively via accumulation of different types of mutation,
including cis-acting regulatory mutations and changes of gene copy
number. Cytochrome P450 genes in two other insects, CYP6CY3 and
Cyp6g1 (Bass et al., 2013; Schmidt et al., 2010), exhibit similar
progression, which involves one or more cis-acting mutations fol-
lowed by gene duplication/ampliﬁcation. Such parallel features of
those cytochrome P450 genes being responsible for insecticide
resistances are interesting; it probably suggests that allele pro-
gression is rather common way to achieve strong resistance in this
gene family than reaching strong resistance by single mutation.
The AT-rich nucleotide track upstream the nt 27 was critical
for transcription initiation from nt þ1 (e.g., TSS). Considering the
nucleotide composition and location, the region is considered theTATA-box of CYP9M10. The TATA-box is one of the core promoters of
class II genes, which direct accurate transcription of genes by RNA
polymerase II (Kadonaga, 2012). The main role of the TATA-box is
considered to determine the transcriptional start site via binding to
the TATA-binding protein (TBP), which forms the transcription
preinitiation complex. Of note, the G27A mutation does not alter
the TSS because the majority of TSSs of a nonresistant CYP9M10
haplotype (27G) are located at the same þ1 site (Itokawa et al.,
2010).
Many studies indicate that variations in the TATA-box sequence
inﬂuence the basal level of gene expression (Juven-Gershon et al.,
2006; Mogno et al., 2010; Wobbe and Struhl, 1990). There are ex-
amples of mutations in the TATA-box that induce phenotypic
changes (Savinkova et al., 2009; Wobbe and Struhl, 1990). For
example, Gilbert's syndrome is associated with mutations in the
TATA-box in the UDP-glucuronosyltransferase gene. A common
mutation, A(TA)6TAA to A(TA)7TAA, present in patients, decreases
the afﬁnity of the TATA-box for TBP (Hsieh et al., 2007). The TBP
surface binds to a DNA stretch via an 8-bp TATA-box (Kim et al.,
1993). There are two possible frames of the TATA-box octamer in
CYP9M10, TATTTA(G/A)G (nts 33 to 26), and TTTA(G/A)GAA
(nts 31 to 24) that position the G27A mutation at the seventh
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positions have a strong prevalence of AT bases among TATA-boxes
(Bucher, 1990). A cocrystallization study of TBP and DNA indicates
that the seventh nucleotide favors A:T and T:A nucleotide pairs but
can accommodate G:C and C:G base pairs by forming a Hoogsteen
base pair, which avoids steric crash against the conserved Leu-72 of
TBPs. In contrast, the ﬁfth nucleotide has a more conserved prev-
alence of A:T and T:A base pairs, because the Val-29 residue of TBP
precludes a G:C or C:G base pair (Patikoglou et al., 1999). Thus, it is
not clear whether the second TATA-box octamer of the CYP9M10
promoter (TATA-2 in Fig. 3A) contributes to the DNA-TBP interac-
tion without the G27A mutation. Nevertheless, we hypothesize
that the TATA-box mutation G27A stabilizes the DNA-TBP inter-
action, which mediates the increase in transcription efﬁciency. An
association study between TBP and the CYP9M10 promoter will
detail the mechanistic implications of the G27Amutation that are
associated with gene expression.
Although determining the ﬁrst cis-acting mutation, which
occurred before the G27A mutation, is more challenging because
there are number of nucleotide differences and indels between the
resistant haplotypes and others (Itokawa et al., 2013), we suggest
that it also exists within the 2.1 kb region cloned in the present
study (Fig. 2). Although the insertion of CuRE1 was initially sus-
pected as a candidate for this earlier cis-acting mutation, Wilding
et al. (2012) showed that the CuRE1 insertion does not alter the
expression of a downstream reporter gene, which led them to
conclude that the insertion itself is neutral. Our present reporter
assay experiment using a different cell line also demonstrated that
the elimination of CuRE1 from the JPP haplotype did not decrease
reporter expression, but unexpectedly slightly increased expression
by 1.6-fold. Although it is not clear whether CuRE1 actually inhibit
the expression of CYP9M10 also in vivo yet, even if it is true, the
earlier cis-acting mutation may have overwhelmed the negative
effect of CuRE1 to confer overexpression and the resistance
phenotype. Such a non-straightforward erratic evolution of the
resistant acetylcholine-esterase gene also occurred in thismosquito
(Labbe et al., 2007).
Acknowledgments
We thank Dr. Tomohiko Takasaki and Mr. Akira Kotaki in the
Department of Virology, NIID, Japan for their assistance in the NGS
experiment. We also thank to Dr. Ryusei Kuwata in Yamaguchi
University for providing the cell culture. This research was sup-
ported by JSPS KAKENHI Grant Number 25460525 and in part by
the Health Labor Sciences Research Grants (H24-Shinko-Ippan-
007) from the Ministry of Health, Labor and Welfare, Japan.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.ibmb.2015.10.006.
References
Bass, C., Zimmer, C.T., Riveron, J.M., Wilding, C.S., Wondji, C.S., Kaussmann, M.,
Field, L.M., Williamson, M.S., Nauen, R., 2013. Gene ampliﬁcation and micro-
satellite polymorphism underlie a recent insect host shift. Proc. Natl. Acad. Sci.
U. S. A. 110, 19460e19465.
Bucher, P., 1990. Weight matrix descriptions of four eukaryotic RNA polymerase II
promoter elements derived from 502 unrelated promoter sequences. J. Mol.
Biol. 212, 563e578.
Burke, T.W., Kadonaga, J.T., 1996. Drosophila TFIID binds to a conserved downstream
basal promoter element that is present in many TATA-box-deﬁcient promoters.
Genes Dev. 10, 711e724.
Chung, Y.T., Keller, E.B., 1990. Positive and negative regulatory elements mediating
transcription from the Drosophila melanogaster actin 5C distal promoter. Mol.
Cell. Biol. 10, 6172e6180.Chung, H., Sztal, T., Pasricha, S., Sridhar, M., Batterham, P., Daborn, P.J., 2009.
Characterization of Drosophila melanogaster cytochrome P450 genes. Proc. Natl.
Acad. Sci. U. S. A. 106, 5731e5736.
Daborn, P.J., Yen, J.L., Bogwitz, M.R., Le Goff, G., Feil, E., Jeffers, S., Tijet, N., Perry, T.,
Heckel, D., Batterham, P., Feyereisen, R., Wilson, T.G., ffrench-Constant, R.H.,
2002. A single p450 allele associated with insecticide resistance in Drosophila.
Science 297, 2253e2256.
Engler, C., Kandzia, R., Marillonnet, S., 2008. A one pot, one step, precision cloning
method with high throughput capability. PLoS One 3, e3647.
Feyereisen, R., Dermauw, W., Van Leeuwen, T., June 2015. Genotype to phenotype,
the molecular and physiological dimensions of resistance in arthropods. Pestic.
Biochem. Physiol. 121, 61e77.
Gershenzon, N.I., Trifonov, E.N., Ioshikhes, I.P., 2006. The features of Drosophila core
promoters revealed by statistical analysis. BMC Genomics 7, 161.
Hardstone, M.C., Komagata, O., Kasai, S., Tomita, T., Scott, J.G., 2010. Use of isogenic
strains indicates CYP9M10 is linked to permethrin resistance in Culex pipiens
quinquefasciatus. Insect Mol. Biol. 19, 717e726.
Hemingway, J., Hawkes, N.J., McCarroll, L., Ranson, H., 2004. The molecular basis of
insecticide resistance in mosquitoes. Insect Biochem. Mol. Biol. 34, 653e665.
Hsieh, T.Y., Shiu, T.Y., Huang, S.M., Lin, H.H., Lee, T.C., Chen, P.J., Chu, H.C.,
Chang, W.K., Jeng, K.S., Lai, M.M., Chao, Y.C., 2007. Molecular pathogenesis of
Gilbert's syndrome: decreased TATA-binding protein binding afﬁnity of UGT1A1
gene promoter. Pharmacogenet. Genomics 17, 229e236.
Huber, W., Carey, V.J., Gentleman, R., Anders, S., Carlson, M., Carvalho, B.S.,
Bravo, H.C., Davis, S., Gatto, L., Girke, T., Gottardo, R., Hahne, F., Hansen, K.D.,
Irizarry, R.A., Lawrence, M., Love, M.I., MacDonald, J., Obenchain, V., Oles, A.K.,
Pages, H., Reyes, A., Shannon, P., Smyth, G.K., Tenenbaum, D., Waldron, L.,
Morgan, M., 2015. Orchestrating high-throughput genomic analysis with Bio-
conductor. Nat. Methods 12, 115e121.
Itokawa, K., Komagata, O., Kasai, S., Kawada, H., Mwatele, C., Dida, G.O., Njenga, S.M.,
Mwandawiro, C., Tomita, T., 2013. Global spread and genetic variants of the two
CYP9M10 haplotype forms associated with insecticide resistance in Culex
quinquefasciatus Say. Heredity (Edinburgh) 111, 216e226.
Itokawa, K., Komagata, O., Kasai, S., Masada, M., Tomita, T., 2011. Cis-acting mutation
and duplication: history of molecular evolution in a P450 haplotype responsible
for insecticide resistance in Culex quinquefasciatus. Insect Biochem. Mol. Biol. 41,
503e512.
Itokawa, K., Komagata, O., Kasai, S., Okamura, Y., Masada, M., Tomita, T., 2010.
Genomic structures of Cyp9m10 in pyrethroid resistant and susceptible strains
of Culex quinquefasciatus. Insect Biochem. Mol. Biol. 40, 631e640.
Juven-Gershon, T., Cheng, S., Kadonaga, J.T., 2006. Rational design of a super core
promoter that enhances gene expression. Nat. Methods 3, 917e922.
Kadonaga, J.T., 2012. Perspectives on the RNA polymerase II core promoter. Wiley
interdisciplinary reviews. Dev. Biol. 1, 40e51.
Kim, Y., Geiger, J.H., Hahn, S., Sigler, P.B., 1993. Crystal structure of a yeast TBP/TATA-
box complex. Nature 365, 512e520.
Komagata, O., Kasai, S., Tomita, T., 2010. Overexpression of cytochrome P450 genes
in pyrethroid-resistant Culex quinquefasciatus. Insect Biochem. Mol. Biol. 40,
146e152.
Kutach, A.K., Kadonaga, J.T., 2000. The downstream promoter element DPE appears
to be as widely used as the TATA box in Drosophila core promoters. Mol. Cell.
Biol. 20, 4754e4764.
Kuwata, R., Hoshino, K., Isawa, H., Tsuda, Y., Tajima, S., Sasaki, T., Takasaki, T.,
Kobayashi, M., Sawabe, K., 2012. Establishment and characterization of a cell
line from the mosquito Culex tritaeniorhynchus (Diptera: Culicidae). In vitro
cellular & developmental biology. Animal 48, 369e376.
Labbe, P., Berticat, C., Berthomieu, A., Unal, S., Bernard, C., Weill, M., Lenormand, T.,
2007. Forty years of erratic insecticide resistance evolution in the mosquito
Culex pipiens. PLoS Genet. 3, e205.
Li, X., Schuler, M.A., Berenbaum, M.R., 2007. Molecular mechanisms of metabolic
resistance to synthetic and natural xenobiotics. Annu. Rev. Entomol. 52,
231e253.
Liu, N., Li, T., Reid, W.R., Yang, T., Zhang, L., 2011. Multiple cytochrome P450 genes:
their constitutive overexpression and permethrin induction in insecticide
resistant mosquitoes, Culex quinquefasciatus. PLoS One 6, e23403.
Mogno, I., Vallania, F., Mitra, R.D., Cohen, B.A., 2010. TATA is a modular component
of synthetic promoters. Genome Res. 20, 1391e1397.
Morgan, M., Anders, S., Lawrence, M., Aboyoun, P., Pages, H., Gentleman, R., 2009.
ShortRead: a bioconductor package for input, quality assessment and explora-
tion of high-throughput sequence data. Bioinformatics 25, 2607e2608.
Nagawa, F., Fink, G.R., 1985. The relationship between the “TATA” sequence and
transcription initiation sites at the HIS4 gene of Saccharomyces cerevisiae. Proc.
Natl. Acad. Sci. U. S. A. 82, 8557e8561.
Pages, H., Aboyoun, P., Gentleman, R., DebRoy, S., Biostrings: String Objects Repre-
senting Biological Sequences, and Matching Algorithms. R Package Version
2.34.1.
Patikoglou, G.A., Kim, J.L., Sun, L., Yang, S.H., Kodadek, T., Burley, S.K., 1999. TATA
element recognition by the TATA box-binding protein has been conserved
throughout evolution. Genes Dev. 13, 3217e3230.
Purnell, B.A., Emanuel, P.A., Gilmour, D.S., 1994. TFIID sequence recognition of the
initiator and sequences farther downstream in Drosophila class II genes. Genes
Dev. 8, 830e842.
R Development Core Team, 2014. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
Savinkova, L.K., Ponomarenko, M.P., Ponomarenko, P.M., Drachkova, I.A.,
K. Itokawa et al. / Insect Biochemistry and Molecular Biology 66 (2015) 96e102102Lysova, M.V., Arshinova, T.V., Kolchanov, N.A., 2009. TATA box polymorphisms
in human gene promoters and associated hereditary pathologies. Biochem.
Biokhimiia 74, 117e129.
Schmidt, J.M., Good, R.T., Appleton, B., Sherrard, J., Raymant, G.C., Bogwitz, M.R.,
Martin, J., Daborn, P.J., Goddard, M.E., Batterham, P., Robin, C., 2010. Copy
number variation and transposable elements feature in recent, ongoing adap-
tation at the Cyp6g1 locus. PLoS Genet. 6, e1000998.
Singer, V.L., Wobbe, C.R., Struhl, K., 1990. A wide variety of DNA sequences can
functionally replace a yeast TATA element for transcriptional activation. Genes
Dev. 4, 636e645.
Varma, M.G., Pudney, M., 1969. The growth and serial passage of cell lines fromAedes aegypti (L.) larvae in different media. J. Med. Entomol. 6, 432e439.
Wilding, C.S., Smith, I., Lynd, A., Yawson, A.E., Weetman, D., Paine, M.J.,
Donnelly, M.J., 2012. A cis-regulatory sequence driving metabolic insecticide
resistance in mosquitoes: functional characterisation and signatures of selec-
tion. Insect Biochem. Mol. Biol. 42, 699e707.
Wobbe, C.R., Struhl, K., 1990. Yeast and human TATA-binding proteins have nearly
identical DNA sequence requirements for transcription in vitro. Mol. Cell. Biol.
10, 3859e3867.
Zheng, L., Baumann, U., Reymond, J.L., 2004. An efﬁcient one-step site-directed and
site-saturation mutagenesis protocol. Nucleic Acids Res. 32, e115.
